Rainfed agriculture covers 80% of the world's cultivated land and produces 60% of total crop production[@b1]. The relatively low productivity in rainfed agriculture is often due to limited water and nutrient availability, degraded soils, and poor water and nutrient management[@b2][@b3][@b4]. Forecasts suggest that food production will have to double in order to meet the demands of the expected 9--10 billion people in 2050[@b5]. A large fraction of this increase has to come from rainfed agricultural systems. Achieving this production target will increase the pressure on land, fresh water and nutrient resources unless these resources are used much more efficiently[@b6][@b7][@b8]. The pressure will likely become more severe under climate change, when more extreme weather events may occur, such as droughts[@b9].

Water and nutrients are key factors for plant growth and development as they are involved in many processes in plants, including photosynthesis, respiration, transpiration, plant development, and yield formation[@b10][@b11][@b12]. There are also possible interactions between water and nutrient use in crop yield; water stress may lead to stomata closure, which inhibits nutrient uptake by the plant[@b13][@b14][@b15]. Plants with nitrogen (N) deficiency are often small and develop slowly, because of low efficiency in photosynthesis and plant development; as a consequence evaporative losses are relatively high and water use efficiency low. Adequate water and nutrient supply contribute to shoot and root growth, which increase plant water and nutrient uptake, and thereby yield[@b16][@b17].

Most of the water and nutrients are taken up by the crop from the soil, and soil quality or soil fertility is a major determinant of the productivity of the land[@b18]. A combination of soil physical, chemical and biological characteristics defines how much water and nutrients can be stored in soil and how well these can be taken up by roots to meet the demands of the growing crop during the crop growing season. Farmers regularly apply fertilizers, manures, lime and crop residues to soils to improve the physical, chemical and biological quality and productivity of the soil. There has been a long standing debate whether chemical fertilizers alone can sustain soil quality and crop productivity over time[@b19][@b20]. Common view is now that chemical fertilizers can sustain crop productivity, provided all essential nutrients are supplied in adequate amounts and sufficient organic carbon is returned to the soil to replenish the decomposition losses. The remaining question is often how much nutrients have to be applied, and in which proportions, to sustain crop productivity and minimize environmental effects associated with nutrient losses.

This is a key question in the North China Plain (NCP), the most important food production area in China producing \~50% of the total national wheat and maize production[@b21][@b22]. Crop rotations are common practice in NCP, mostly winter wheat followed by summer maize or soybean[@b23][@b24]. Though animal density is high and animal manure abundantly available, and despite China's long history of recycling of manures and wastes, almost no animal manure is being used in wheat and maize production during the last decades (but in vegetable and fruit production)[@b25][@b26]. Instead, wheat and maize are heavily fertilized with mineral NPK fertilizers, and because of its liberal use, losses are relatively high[@b27]. Questions were raised about the sustainability of these practices, which led to the initiation of long-term field experiments in NCP some 30 years ago. In these trials, combinations of chemical fertilizers with straw and animal manures were tested for underpinning fertilizer recommendations.

Water is also a limiting factor for crop production in the NCP, especially for double cropping systems that often require more water than mono cropping systems[@b26][@b28]. Currently, 70% of the winter wheat in the NCP is irrigated, mostly with groundwater, which has led to severe groundwater depletion (decline by 1 m per year)[@b29][@b30]. It is still unclear whether rainfed double cropping systems can sustain in the long term without irrigation. Hence, there is a need to increase the understanding of the water balance for rainfed cropping systems in the NCP. However, evapotranspiration (ET), i.e., the sum of soil evaporation (E) and plant transpiration (T), is often reported as one component because the measurement of E and T separately in the field is difficult and costly[@b31][@b32][@b33]. Alternatively, crop models can be used to estimate E and T when properly calibrated and validated, including the FAO AquaCrop model[@b34][@b35][@b36][@b37]. Data of long-term field experiments can provide a robust basis for further improving the calibration and validation of models.

Here, we report on a comprehensive and quantitative analysis of data from a long-term (30-years) field trial, which was combined with a model simulation study. No results of this trial have been published before, apart from an analysis of soil organic matter changes as function of fertilizer and manure treatment[@b38]. The objectives of our study are: (i) to quantify the effects of long-term fertilization and soil organic amendments on crop yield over time; (ii) to examine rainfall and treatment interactions in crop yield and (iii) to explore options to increase crop yield in rainfed wheat-soybean double cropping system in NCP.

Materials and Methods
=====================

Site and soil description
-------------------------

The long-term field experiment is located at Madian Agro-Ecological Station in the North China Plain (N33°13′, E116°37′). The area has a sub-humid climate, with mean annual temperature of 16.5 °C (min. −7.4 °C and max. 36.5 °C). Annual precipitation ranged from 400 to 1500 mm during the last 30 years, about 70% of which occurs from May to September ([Fig. 1](#f1){ref-type="fig"}).

The site is flat (slope \< 1%) and has been cultivated for many years. The predominant Vertisols have developed in fluvial and lacustrine deposits. They are classified as Calcic Kastanozems, according to the soil classification system of the Food and Agriculture Organization (FAO). Soil pH ranges from 6.0 to 8.6 and soil organic carbon (SOC) content ranges from 5.8 to 7.5 g kg^−1^. Main topsoil (0--20 cm) characteristics in the experimental field at the start in 1982 were as follows: soil bulk density: 1.45 g cm^−3^, pH: 7.4, sand (0.2 to 0.02 mm): 280 g kg^−1^, silt (0.02 to 0.002 mm): 306 g kg^−1^, clay (\<0.002 mm): 414 g kg^−1^, SOC content: 5.8 ± 0.08 g kg^−1^, total N content: 0.96 ± 0.04 g kg^−1^, total P content: 0.28 ± 0.02 g kg^−1^. Information on soil bulk density, field capacity and wilting point for different layers up to 200 cm are shown in [Table 1](#t1){ref-type="table"}.

Cropping practice and experimental design
-----------------------------------------

A winter wheat-soybean rotation is common practice in the region. At Madian Agro-Ecological Station, winter wheat (*Triticum aestivum L.*), mainly variety Yedan 13, was grown from late October to May, and soybean (*Glycine max*), mainly variety Zhonghuang 13, from June to September.

The long-term field experiment was initiated in 1982, and had six treatments ([Table 2](#t2){ref-type="table"}): no fertilization (CK), mineral NPK fertilizer alone (T1), mineral fertilizer combined with 2.5 ton ha^−1^ yr^−1^ of wheat straw (T2), mineral fertilizer combined with 5 ton ha^−1^ yr^−1^ of wheat straw (T3), mineral fertilizer combined with 7.8 ton ha^−1^ yr^−1^ of pig manure (T4), and mineral fertilizer combined with 12.5 ton ha^−1^ yr^−1^ of cattle manure (T5). The treatments were laid out in a randomized block design with four replications.

The plot size was 70 m^2^ (14.9 m × 4.7 m). All plots were ploughed (0--20 cm) after each harvest. Mineral N, P and K fertilization was applied as urea, calcium superphosphate and potassium chloride, respectively. The amounts of fertilizers applied were similar to the recommended amounts for this cropping system, i.e., 180 kg N, 90 kg P~2~O~5~, and 135 kg K~2~O per ha per year. All fertilizers were applied as base fertilizer at once at the start of the wheat growing season in October. No fertilizers were applied to soybean.

Herbicides and pesticides were applied when necessary. Wheat and soybean were harvested manually and all above-ground biomass were removed from the experimental plots, except for the stubble. Grains yields were air dried, threshed and then weighted.

Soil and plant sampling and analyses
------------------------------------

Soil samples were collected from the top 20 cm after the soybean harvest in October of each year. Soil samples were randomly taken from three locations in each plot with a soil core sampler (inner diameter 7 cm) and analysed per plot. The samples were air dried and passed through an 8 mm sieve. Visible pieces of crop residues and roots were removed. The dried and sieved soil was stored in glass jars until analysis. Soil bulk density was measured using the core method and soil pH was measured by the potentiometric method in a soil-water extract (2.5:1, w/v water)[@b39]. Total N was determined by the method described by Walkley and Black[@b40], and total P by Murphy and Riley[@b41]. Available N was measured by the alkali N-proliferation method, available P (Olsen-P) was extracted by 0.5 mol L^−1^ NaHCO~3~ (pH 8.5) and then measured via Mo-Sb colorimetric method, available potassium was extracted by 1 mol L^−1^ NH~4~-OAc (pH = 7) with 1:5 ratio of weight:volume, and then measured via flame photometer method[@b39]. Soil water contents were measured every 10 days by using the gravity method. The top 50 cm was sampled in 10 cm intervals, from 50 to 100 cm at 25 cm intervals and from 100 to 200 cm at 50 cm intervals. Each sample consisted of 5 subsamples, taken randomly on fertilized strips adjacent to the experimental plots (to avoid damage through frequent sampling of the experimental plots). Plant N, P and K contents were analysed at harvest once in every five years. Plant N content was measured by Kjeldahl method. Plant P content was measured by the Mo-Sb colorimetric method and plant K content was measured by flame photometer[@b39].

Definitions and calculations
----------------------------

The water balance for each crop growing seasons is defined as follows:

where *R* is rainfall, *I* is irrigation, *E* is soil evaporation, *T* is crop transpiration, *R*~*r*~ is runoff, *D* is drainage and Δ*S* is the change in soil moisture (or soil water content), all with the unit mm.

Irrigation was not applied in this study and runoff rarely occurred (the plots were built with bunds to avoid runoff), and therefore was neglected. Hence, the water balance was simplified to:

Water use efficiency (WUE, in kg m^−3^) is defined as:

where *Y* is grain yield (kg ha^−1^), *ET* is evapotranspiration (mm), i.e. the sum of *E* and *T* during each crop growing season.

Nitrogen use efficiency (NUE, in kg kg^−1^) is defined as agronomic efficiency of applied N[@b42]:

where *Y*~*t*~ is yield of fertilization treatment (kg ha^−1^), *Y*~*ck*~ is yield of CK treatment.

Similarly, phosphorus use efficiency (PUE) and potassium use efficiency (KUE) (in kg kg^−1^) are defined as:

Please note that NUE, PUE and NUE were determined for wheat only because soybean did not receive any NPK fertilization.

Descriptions of the AquaCrop model
----------------------------------

The FAO AquaCrop model is a water-driven crop growth model, which can simulate crop biomass and yield as function of climate and water availability[@b43][@b44]. AquaCrop requires 4 main sets of input data, i.e. (1) climate data (rainfall, minimum and maximum temperature and reference evapotranspiration (ET~0~)), (2) crop parameters, (3) soil data and (4) field management data. Climate data (e.g., rainfall, minimum and maximum temperature) were collected from a near-by meteorological station (200 meters away from the experimental site). ET~0~ was calculated by the FAO Penman-Monteith equation as described in Allen, *et al.*[@b45]. Soil data and field management data were derived from measurements. The AquaCrop model was calibrated and validated previously in Qin, *et al.*[@b34]. A full list of crop parameters used in this study is summarized in [Table S1](#S1){ref-type="supplementary-material"}. The calibration and validation procedures and evaluations of the model performance are documented in greater detail in Qin, *et al.*[@b34].

Model experiments
-----------------

To investigate the mean effects of straw mulching, plastic cover and irrigation on crop yields for the period of 1982--2012, we set up 4 model experiments (E1--E4) as follows:

Model experiment E1 simulated crop growth with two levels of initial soil water content at seeding, i.e. a low level with 60% field capacity (FC) and a high level with 75% FC. The range from 60 to 75% FC largely represented the initial soil water content during the experimental period. Model experiment E2 aimed at testing the effects of straw mulching, and model experiment E3 for the effects of plastic film cover. The effectiveness of straw mulching in reducing soil evaporation was estimated as 50% and that of plastic cover at 90%, which are the default values in the AquaCrop model[@b44]. However, plastic film covers around 80% of the field in practice. Hence, the overall soil evaporation reduction by plastic film was set at 72%. Model experiments E4 tested the effects of a smart irrigation that automatically replenishes the soil water content back to field capacity when 80% of total available soil water is depleted during the crop growing season. We ran these model experiments for the period of 1982--2012, assuming no soil fertility stress and keeping all input data (e.g., climatic and soil information) and crop parameters the same in all simulations.

Statistical analyses
--------------------

Data were analysed with a mixed-effect model via R package "Lme4"[@b46][@b47]. A mixed-effect model is a statistical model containing both fixed effects and random effects. We quantified the effects of main variables, i.e. (1) rainfall, (2) treatments (CK, T1--T5), (3) rainfall and treatment interactions on crop yields as:

where *Y* is yield (ton ha^−1^), α is the intercept (ton ha^−1^), R is rainfall (mm), *β*~1~ is the effect of rainfall (fixed variable 1), *β*~2~ is the effect of a specific treatment (fixed variable 2), *β*~3~ is the effect of rainfall and treatment interactions, and *error* represents the residual effects that were not taken into consideration. Trial years are considered as random variable in the model.

An additional analysis considering the interactions between rainfall and N, P and K input on yields was conducted as follows:

where *β*~2--4~ represent the effect of N, P and K, and *β*~5--7~ the effect of interactions between rainfall and N, P and K respectively. N, P and K input were the sum of that in fertilizer, manure and straw.

Results
=======

Rainfall and soil water content
-------------------------------

Long-term average annual rainfall (1981--2012) at the station was \~900 mm, and heavily influenced by the monsoon. Around two-third of the annual rain (\~600 mm) fell in June to September, which is the growing season for soybean ([Fig. 1](#f1){ref-type="fig"}), and the other third (\~300 mm) fell during the winter wheat growing season from October to May. High-yielding winter wheat and soybean crops normally require 450 to 650 mm of water, depending on climate, yield and length of the growing period and monthly distribution[@b48]. Evidently, winter wheat received relatively little rainwater, compared to soybean.

Soil moisture contents decreased during the wheat growing season and increased during the soybean growing season. Available soil water (ASW) was defined as the measured soil moisture content minus the moisture content at wilting point in a 2 meter's profile. Mean ASW was lowest in May when wheat was harvested ([Fig. 1](#f1){ref-type="fig"}). From June, soil water content started to increase again. Winter wheat was planted in October, but soil water content did not change much till February because of relatively low temperature and slow development of wheat in the early stage. From March, soil water started to decrease, because evapotranspiration (ET) exceeded rainfall. On average, the upper 2 m of soil contained around 200 mm of available water, ranging from 100 to 280 mm. The top 1 m of the soil profile accounted for \~70% of the changes in soil moisture content in the whole soil profile of 2 m.

Crop yields
-----------

[Figure 2](#f2){ref-type="fig"} shows the ranges of wheat and soybean yields as function of fertilization treatments. Yields were low in the CK treatment. Fertilization and soil organic amendments significantly increased yields. The ranking of the treatments, from high to low yields, was T5 ≥ T4 \> T3 ≥ T2 ≥ T1 ≫ CK. Mean wheat yield in CK was only 1 ton ha^−1^, which is \~20% of the mean yields in the fertilized treatments ([Fig. 2A](#f2){ref-type="fig"}). Mean soybean yield in CK was 0.8 ton ha^−1^, which is \~40% of the mean yields in the fertilized treatments ([Fig. 2B](#f2){ref-type="fig"}).

The NPK + manure treatments (T4 and T5) significantly increased wheat yields relative to NPK alone (T1). Treatments NPK + straw (T2 and T3) did not significantly increase wheat yields compared to NPK alone ([Table 3](#t3){ref-type="table"}). The results of soybean were rather similar to that of wheat, but NPK + high rate straw (T3) also significantly increased soybean yields relative to the NPK alone treatment.

Fertilization and soil organic amendments also increased yield stability over time ([Table 4](#t4){ref-type="table"}). The mean coefficient of variance (CV) in CK was 0.39 for both crops, while mean CV in the fertilization and soil organic amendment treatments ranged from 0.12--0.15 for wheat and from 0.12--0.18 for soybean.

Wheat and soybean yields increased over time in fertilized treatments T1 to T5, whereas the opposite occurred in the CK treatment ([Fig. 3](#f3){ref-type="fig"}). Wheat yields in fertilized treatments T1--T5 increased on average by 50--70 kg ha^−1^yr^−1^ and soybean yields increased on average by 10--30 kg ha^−1^yr^−1^ ([Table 4](#t4){ref-type="table"}). Over the 30 years' time of the trial, wheat and soybean yield increased by 1.5--2.1 and 0.3--0.9 ton ha^−1^ in the fertilized treatments, whereas yields decreased on average by \~0.9 and \~0.6 ton ha^−1^ in the CK treatment for wheat and soybean, respectively.

Soil fertility
--------------

Long-term fertilization increased soil fertility characteristics and SOC content over time ([Fig. 4](#f4){ref-type="fig"}). Over the 30 years' period, NPK + cattle manure (T5) increased soil available N, P and K and SOC content most among all treatments. Soil available N at harvest time of soybean ranged from 125 to 175 mg kg^−1^ in the NPK + cattle manure treatment (T5), and from 100 to 125 mg kg^−1^ in the NPK + pig manure treatment (T4). Soil available N was around 75 to 125 mg kg^−1^ in the NPK alone (T1) and NPK + straw treatments (T2 and T3), and ranged from 50 to 75 mg kg^−1^ in the CK treatment. Olsen P increased from 12.5 to about 75 mg kg^−1^ in the NPK + manure treatments (T4 and T5), increased only very slightly in the NPK alone and NPK + straw treatments (T2, T3), and dropped to about 5 mg kg^−1^ in the CK treatment. Cattle manure application significantly increased soil available K much stronger than pig manure and straw return. Soil available K slightly decreased in the NPK alone and CK treatments, suggesting that the annual application of 135 kg K~2~O ha^−1^ yr^−1^ was not sufficient to compensate for the annual K withdrawal in harvested crop and leaching losses. Soil organic carbon (SOC) content increased in all fertilized treatments but decrease in CK over time. SOC levelled off at \~20 g kg^−1^ in the treatment with cattle manure addition, and at 10--15 g kg^−1^ in the treatments with pig manure and straw. Fertilizer NPK alone slightly increased SOC content during the 30 years' period ([Fig. 4](#f4){ref-type="fig"}).

Interactions between rainfall and fertilization in yields
---------------------------------------------------------

The effects of rainfall, fertilization (T1--T5) and their interactions in yields are shown in [Table 5](#t5){ref-type="table"}. The results of the treatments T2, T3, T4 and T5 were compared to the yields in the NPK alone treatment (T1), as reference. We excluded the results of the CK treatment in the statistical analysis for two reasons: first, to reduce the variance in the dataset caused by the CK treatment; and second, to examine the differences between the treatments with chemical NPK fertilizers alone and those with NPK fertilizers plus manure or straw. There were positive interactions between rainfall and NPK + manure treatments (T4 and T5) in wheat yields; the interactive effects were larger with cattle manure than with pig manure. These positive interactions suggest that years with relatively high rainfall increased wheat yields in treatments with NPK + manure, compared to treatments with NPK alone and NPK + straw ([Table 5](#t5){ref-type="table"}).

There were no significant interactions between rainfall and fertilization in soybean yields ([Table 5](#t5){ref-type="table"}), most likely because rainfall was abundant during the soybean growing season. Though soybean did not receive any fertilization, yields clearly benefited from the residual effects of the fertilizers, manure and straw applied to the wheat crop ([Fig. 2](#f2){ref-type="fig"}).

An additional analysis indicated that there were significant positive interactions between rainfall and K input in wheat yields, suggesting that the wheat benefited from the additional K inputs via straw and manure during years with relatively high rainfall ([Table S2](#S1){ref-type="supplementary-material"}). Wheat yields in treatments T1--T5 were not related to total N and P inputs, suggesting that the N and P inputs via NPK fertilizers alone were sufficient, and the N and P inputs via straw and manure were redundant. In other words, the NPK inputs via manures can partially replace fertilizer NPK inputs.

Water balance and the portioning of E and T in wheat and soybean growing seasons
--------------------------------------------------------------------------------

[Figure 5](#f5){ref-type="fig"} shows the water balance of the wheat and soybean growing seasons during the period 1982--2012, estimated by the AquaCrop model. The partitioning between soil evaporation (E) and crop transpiration (T) differed between treatments. Evaporation (E) was relatively high in the CK treatments, and transpiration (T) was relatively high in the fertilization treatments. During the wheat growing season, mean E was 280 mm and mean T was 60 mm in the CK treatment, i.e., T/ET ratio was 18%, while mean E was 120 and mean T 240 mm in the NPK + cattle manure treatment (T5), i.e., T/ET ratios was 67% ([Fig. 5A](#f5){ref-type="fig"}). In the soybean growing season, mean E was 310 mm and mean T 110 mm in the CK treatment, i.e., T/ET ratio was 26%, while mean E was 150 and mean T 300 mm in the NPK + cattle manure treatment (T5), i.e., T/ET ratios was 67%. Hence, the T/ET ratio greatly increased through fertilization.

Water and nutrient use efficiencies
-----------------------------------

Water use efficiency (WUE) was strongly related to yield ([Fig. 6](#f6){ref-type="fig"}). The ranking of treatments, from high to low WUE, was T5 \> T4 \> T3 \> T2 \> T1 \> CK. Mean WUE of wheat was 0.3 kg m^−3^ in CK, and ranged from 1.3 to 1.7 kg m^−3^ in the fertilized treatments. Mean WUE of soybean was 0.2 kg m^−3^ in CK, and ranged from 0.4 to 0.6 kg m^−3^ in the fertilized treatments.

[Figure 7](#f7){ref-type="fig"} presents the apparent nutrient use efficiencies of wheat. Note that the nutrient recovery by soybean was disregarded, although soybean benefitted from the residual effects of NPK fertilization and the soil organic amendments ([Figs 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). Also, N, P and K use efficiencies are confounded, because they were applied in combination as NPK fertilizers, straw and manures. As a result, the nutrient use efficiencies presented here for wheat are underestimates and therefore indicated as 'apparent efficiencies'. The mean apparent N use efficiency (aNUE) of wheat ranged from 13--20 kg kg^−1^. There were no significant differences in aNUE between treatment NPK alone (T1) and NPK + straw (T2 and T3), but NPK + manure had a significantly lower aNUE than treatment NPK alone. Mean aPUE ranged from 25--35 kg kg^−1^; there were no significant differences between NPK fertilization alone (T1) and NPK fertilization + straw (T2 and T3) in aPUE. Animal manures provided extra P input (50--70 kg ha^−1^ yr^−1^) and led to a lower aPUE in treatment T4 and T5 compared to T1. Mean aKUE ranged from 20--26 kg kg^−1^. NPK fertilization (T1) resulted in the highest aKUE. Adding straw and animal manures led to lower aKUE in T2--T5 relative to T1 because of the added K via straw and manures.

Effects of straw mulching, plastic and irrigation
-------------------------------------------------

[Figure 8](#f8){ref-type="fig"} shows the calculated effects of straw mulching, plastic film cover and irrigation on wheat and soybean yields. Straw mulching and plastic cover may increase mean wheat yields by 10--15% and irrigation by 35%, compared with the reference yields ([Fig. 8A](#f8){ref-type="fig"}). Straw mulching, plastic cover and irrigation had no effects on soybean yields, because soybean yields were not limited by water ([Fig. 8B](#f8){ref-type="fig"}). Mulching and plastic cover increased WUE of wheat by 15--25%, supplementary irrigation with 100 mm of water increased WUE by 5% ([Fig. 9A](#f9){ref-type="fig"}). Straw mulching, plastic film cover and irrigation decreased the variation in yield between years. Effects of mulching, covers and irrigation were larger in relatively dry years than in relatively wet years.

Discussion
==========

Imbalances in fertilization
---------------------------

Wheat and soybean yields in the unfertilized control treatment (CK) of our long-term field experiment were strongly limited by nutrients. NPK fertilization increased yields of wheat and soybean on average by a factor of 5 and 2.5, respectively, compared to the CK treatment ([Fig. 2](#f2){ref-type="fig"}). NPK + manure increased yields more than NPK + straw and NPK alone. The additional effect of animal manure (compared to NPK alone) is likely due to the increased amounts of available K. Clearly, the recommended rate of 135 kg K~2~O ha^−1^ yr^−1^ was insufficient to replenish the annual K withdrawal in harvested crop and K leaching losses. When assuming a mean K content of 5 g per kg in grain and 10 g per kg in straw ([Figure S1](#S1){ref-type="supplementary-material"}), and a harvest index of 45%, the annual mean withdrawal with the harvested wheat crop is 85 kg K ha^−1^ yr^−1^, equivalent to 100 kg K~2~O ha^−1^ yr^−1^ (range 80--120 kg K~2~O ha^−1^ yr^−1^). Withdrawal of K with harvested soybean is estimated at 30--50 kg K~2~O ha^−1^ yr^−1^ in the fertilized treatments. This simple balance calculation indicates that the total K withdrawal with harvested crops is equal to or exceeds the application rate with the chemical NPK fertilizers, and therefore is insufficient for sustaining high yields in the long term, especially when the soil has a relatively low K supplying capacity[@b25][@b49].

Potassium deficiency was identified as a constraint to increasing rice yields in Asia in the 1990 s. The low rates of K fertilization practiced at that time were insufficient to replenish the amount of K removed by intensive lowland rice production[@b50][@b51]. The occurrence of K deficiency is in part also related to the decreasing trend of using manures to cereal crops. China has a long history of using animal manures as nutrient input to crops. However, the application of organic manures to cereal crops dramatically decreased since the 1980 s. As a result, K deficiency also became a limiting factor for rice, wheat and maize production in many regions in China[@b25][@b49]. In our study, manure application provided extra K input of some 50--60 kg ha^−1^, which likely contributed to increased wheat yields.

Manure application contributed to P accumulation in the soil; Olsen P values in the treatment NPK fertilizer + manure (T4 and T5) rapidly increased to around 75 mg kg^−1^ and then remained at this level during the course of the experiment, suggesting soil P saturation and leaching of P from the top soil to the subsoil. The optimal P Olsen level for cereals is in the range of 10 to 20 mg kg^−1^ [@b52]. Olsen P remained within the recommended range of 10--20 mg kg^−1^ in the treatments T1--T3, suggesting that the P inputs via NPK fertilizers and straw were adequate. Manure application also provided extra N of 100--130 kg ha^−1^. However, wheat yields in the fertilized treatments were not related to N input ([Table S2](#S1){ref-type="supplementary-material"}), suggesting that the N inputs via NPK fertilizers and biological N~2~ fixation by soybean were adequate.

Soybean did not receive fertilization in the long-term experiment but clearly benefited from the residual effects of the chemical fertilizers, straw and manures applied to wheat in autumn ([Figs 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). A meta-analysis of soybean N uptake and N fixation showed that, on average, \~55% of soybean N demand was met by biological N~2~ fixation[@b17]. In most cases, the amount of N fixed was not sufficient to produce high soybean yield (4--5 ton ha^−1^). The partial N balance (fixed N in aboveground biomass---N in seeds) was negative in 80% of all data sets, with a mean net soil N mining of 40 kg N ha^−1^ [@b17]. There was a slightly decreasing trend in soil available N in treatment T1 (NPK fertilizer alone) and a slightly increasing trend in SOC content ([Fig. 4](#f4){ref-type="fig"}) clearly indicating that the supply of N in this treatment was not excessive. When assuming a mean N content of 15 g per kg in grain and 5 g per kg in straw ([Fig S5](#S1){ref-type="supplementary-material"}), and a harvest index of 45%, the annual mean withdrawal with the harvested wheat crop is 105 kg N ha^−1^ yr^−1^ (range 80--125 kg N ha^−1^ yr^−1^). Withdrawal of N with harvested soybean is estimated at 55 kg N ha^−1^ yr^−1^ (range 25--75 kg N ha^−1^ yr^−1^) in the fertilized treatments. This indicates that the total N withdrawal with harvested crops was close to the N application rate of 180 kg ha^−1^ yr^−1^, especially during the second half of the experimental period when grain yields and N contents were slightly higher compared to the first half of the experimental period ([Figure S1](#S1){ref-type="supplementary-material"}).

Water deficiency and fertilization effects
------------------------------------------

High-yielding wheat varieties require 450 to 650 mm of water, depending on climate, yield and length of the growing period[@b48]. In this study, the estimated ET of wheat ranged from 210 to 500 mm (mean = 360 mm), and that of soybean from 370 to 630 (mean = 440 mm). Likely, wheat yields in the fertilized treatments were limited by low seasonal rainfall (mean = 300 mm). The estimated mean ET was comparable with previous studies on wheat-soybean double cropping systems. For example, Daniels and Scott[@b53] reported that the mean ET of rainfed wheat was 328 mm. For irrigated and non-irrigated soybeans, the mean ET was 375 and 255 mm, respectively. Caviglia, *et al.*[@b54] reported that mean ET of wheat ranged from 313 to 334 mm, and that of soybean from 359 to 434 mm. Singh, *et al.*[@b55] reported that mean ET of wheat and soybean were around 350 and 400 mm, respectively.

Nutrient availability greatly affected crop transpiration and thereby yields; mean T/ET ratio was low in the CK treatments, i.e. 18% for wheat and 27% for soybean. Low T (and thereby low T/ET ratio) in the CK treatments was mainly due to severe soil nutrient depletion ([Fig. 5](#f5){ref-type="fig"}). Olsen P dropped to values of \<5 mg kg^−1^, and soil available N and K also had decreasing trends in CK ([Fig. 4](#f4){ref-type="fig"}). Nutrient deficiency in CK significantly limited crop growth and thereby led to low transpiration and relatively large soil evaporation. In the fertilized treatments, the T/ET ratio was 56--67% for wheat and 52--66% for soybean ([Fig. 5](#f5){ref-type="fig"}). Similar T/ET ratios (60--70%) have been reported for wheat by some previous studies[@b56][@b57][@b58]. Despite the large differences in T/ET ratios between fertilized and unfertilized treatments, the total amount of water consumed as evapotranspiration (ET) was rather similar (differences \<30 mm), indicating that ET was not strongly affected by fertilization, as observed also by some previous studies[@b59][@b60][@b61]. Therefore, yields were often more closely related to transpiration than to total available water ([Figure S2](#S1){ref-type="supplementary-material"}).

Compared to semi-arid regions in Northwest China, Anhui has relatively high annual rainfall (900 mm), which provides the possibility to grow two crops per year. However, the annual yields of the rainfed wheat-soybean system highly depend on the amount of rain. Soil mulching with straw or plastic are common measures to reduce evaporation and thereby increasing crop yields and WUE in Northwest China[@b62][@b63], but not in Anhui. Our model simulations indicate that straw mulching and plastic cover could increase mean wheat yield by 10--15%, and supplementary irrigation of 100 mm could increase mean wheat yields by 35% ([Fig. 7A](#f7){ref-type="fig"}). Most of the straw is currently used as animal feed, burned or ploughed down in the soil. In treatments with chemical NPK fertilizers and straw (T2 and T3), the straw is ploughed into the soil after harvest of the wheat. Further field studies need to be conducted to evaluate the effectiveness, efficiency and feasibility of straw mulching and plastic covers in this region.

Increasing trend of crop yields
-------------------------------

Over the 30 years' period, mean wheat and soybean yields increased by 1.5--2.1 and 0.3--0.9 ton ha^−1^, respectively, in the fertilization and soil organic amendment treatments. In contrast, yields decreased in the control treatments. Increasing trend of crop yields may be partially related to the new varieties. According to the study of Evenson and Gollin[@b64], improvements in breeding accounted for around 50% of the increase in global cereal yields, whereas the other factors, such as fertilizers, irrigation, mechanization, and improved labour skill together accounted for the other 50% of the increase in yield. In this study, we were not able to quantify the contributions of all factors, but improved genetic varieties and improved crop husbandry (including weed and pest control) certainly have played a role. Inputs of fertilizers, straw and manure did not change over time in this study ([Table 2](#t2){ref-type="table"}).

Long-term fertilization and addition of organic amendments led to increased soil organic matter contents over time[@b38], which may also have contributed to increased crop growth and development. Li, *et al.*[@b65] reported that long-term additions of animal manure increased soil moisture availability by 30 to 45 mm in a 2 meter deep soil profile. Contents of SOC increased significantly in the treatments with manure and straw ([Fig. 4](#f4){ref-type="fig"}), but we have no experimentally derived data that indicated how much soil moisture availability changed over time. Likely, some of the yield difference between the treatments with chemical fertilizer without and with manure has to be attributed to the increased SOC content and to the likely increased soil moisture availability in the treatments with animal manure. There were clear correlations between SOC content and crop yield ([Figure S3](#S1){ref-type="supplementary-material"}), but the relationship between SOC and yield is highly nested to soil available N (soil N mineralization) and K. Further, manure provides also other essential nutrient elements than NPK (including sulphur, copper, zinc), which may have contributed to the yield difference between treatments T1 and T4/T5.

Contrasting findings from long-term field experiments have also been reported in the literature. For example, yield stagnation and also negative yield trends have been observed in continuous rice-based systems, with unbalanced use of inorganic N and NP application. Positive yield trends have been observed in treatments with NPK and NPK + FYM[@b66]. The causes of yield decline are location specific, but nutrient depletion and soil-borne diseases are common factors[@b66]. Cai and Qin[@b67] pointed out that application of chemical NPK fertilizers was able to sustain high crop yields, but was unable to contribute much to carbon sequestration in soil. Therefore, mixed applications of organic and inorganic fertilizers is the preferred strategy to ensure long-term food security and soil carbon sequestration in the NCP. Our finding are largely in line with other long-term field studies, i.e., crop yield increased over time in treatments with mineral NPK fertilization and in NPK + manure treatments, but decreased in unbalanced fertilization treatments[@b26][@b66][@b67][@b68].

Conclusions
===========

Long-term fertilization significantly improved soil fertility over time, which enhanced crop transpiration and thereby crop yields. On average, wheat yields were 5 times and soybean yields were 2.5 times higher in the fertilized treatments than in the unfertilized control (CK). Among the fertilized treatments, NPK + manure increased yields more than NPK + straw, and also more than NPK alone. The amount of nutrient provided by NPK fertilizers appeared to be sufficient for N and P, but likely not for K. The additional effect of animal manure (compared to NPK alone) is likely due to the increased amounts of available K, and possibly the supply of sulphur and micronutrients. Long-term NPK fertilization and soil organic amendments also significantly improved yield stability of wheat and soybean.

Manure application rapidly increased P-Olsen to \~75 mg kg^−1^. Thereafter P-Olsen did not increase further, suggesting leaching of P from the top soil to the subsoil. Clearly, manure application had additional effects to mineral NPK fertilizers. However, application rates of NPK + manure were too high for optimal fertilization; manure could have partially replaced the mineral NPK fertilizer input.

Model simulations reveal that wheat yields were limited by water. Yields can be increased by 15% through soil mulching or by 35% through irrigation. The effectiveness of these measures needs to be tested further in the field. The productivity and the sustainability of the rainfed double-crop production systems in the North China Plain rely on integrated soil-water-nutrient-crop management in a site and crop specific manner.
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![Distribution of monthly rainfall and available soil water in the top 2 meter during the period 1982--2012.\
Available soil water is defined as the total soil water content minus the water content at wilting point. Boxes show the range between 25^th^ and 75^th^ percentile values, i.e. interquartile between Q1 (25^th^ percentile) and Q3 (75^th^ percentile). Lines in the boxes show the median values. Whiskers show the range of Q1 − 1.5 interquartile at the bottom, and Q3 + 1.5 interquartile at the top. Dots are the outliers beyond the range of Q1 − 1.5 interquartile and Q3 + 1.5 interquartile.](srep17514-f1){#f1}

![Total rainfall of the growing seasons of wheat (**A**) and soybean (**B**) during the period 1982--2012. Dots represent the amount of rainfall (mm) and solid lines show the trends.](srep17514-f2){#f2}

![Trends of wheat (**A**) and soybean (**B**) yields over time during the period 1982--2012, as function of fertilization treatments. The treatments are noted as: no fertilization (CK), mineral NPK (T1), NPK + low rate of straw (T2), NPK + high rate of straw (T3), NPK + pig manure (T4) and NPK + cattle manure (T5). Statistics are summarized in [Table 4](#t4){ref-type="table"}.](srep17514-f3){#f3}

![Trends of soil available (mineral) N (**A**), soil available (Olsen) P (**B**), soil available (Exchangeable) K (**C**), and soil organic carbon (**D**), over time during the period 1982--2012, as function of fertilization treatments. The treatments are noted as: no fertilization (CK), mineral NPK (T1), NPK + low rate of straw (T2), NPK + high rate of straw (T3), NPK + pig manure (T4) and NPK + cattle manure (T5). Note that Olsen P levelled off at \~75 mg kg^−1^ and SOC levelled off at 20 g kg^−1^.](srep17514-f4){#f4}

![Water balance components for the wheat (**A**) and soybean (**B**) growing seasons during the period 1982--2012 as function of fertilization treatments: no fertilization (CK), mineral NPK (T1), NPK + low rate of straw (T2), NPK + high rate of straw (T3), NPK + pig manure (T4) and NPK + cattle manure (T5). Boxes show 25^th^ and 75^th^ percentiles (i.e. Q1 and Q3). Lines in the boxes show the median values. The components of water balance are shown on the x-axis, i.e., rainfall, soil evaporation (E), crop transpiration (T), drainage and changes in soil moisture (CSM). See formula (2) and text for explanations.](srep17514-f5){#f5}

![Water use efficiency (WUE) of wheat (**A**) and soybean (**B**) as function of fertilization treatments during the period 1982--2012. The treatments are noted as: no fertilization (CK), mineral NPK (T1), NPK + low rate of straw (T2), NPK + high rate of straw (T3), NPK + pig manure (T4) and NPK + cattle manure (T5). Boxes show 25^th^ and 75^th^ percentiles (i.e. Q1 and Q3). Lines in the boxes show the median values.](srep17514-f6){#f6}

![Effects of fertilization and soil conservation treatments on nitrogen use efficiency (**A**), phosphorus use efficiency (**B**) and potassium use efficiency (**C**) in wheat, as function of fertilization treatments during the period 1982--2012. The treatments are noted as: no fertilization (CK), mineral NPK (T1), NPK + low rate of straw (T2), NPK + high rate of straw (T3), NPK + pig manure (T4) and NPK + cattle manure (T5). Boxes show 25^th^ and 75^th^ percentiles (i.e. Q1 and Q3). Lines in the boxes show the median values. Please note that the values for CK were not zero but not applicable because there were no NPK input in CK.](srep17514-f7){#f7}

![Simulated wheat (**A**) and soybean (**B**) yields with straw mulching, plastic film cover and irrigation for the period 1982--2012. The reference (Ref.) is the simulated yield with common range of initial soil water content of 60--75% field capacity.](srep17514-f8){#f8}

![Simulated components of the water balances for wheat (**A**) and soybean (**B**) as function of straw mulching, plastic film cover and irrigation.](srep17514-f9){#f9}

###### Soil bulk density, field capacity and wilting point for different soil layers.

  Soil layer   Bulk density   Field capacity   Wilting point
  ------------ -------------- ---------------- ---------------
  10           1.26           36.8             12.3
  20           1.42           42.6             13.8
  30           1.47           36.0             14.7
  40           1.46           39.3             16.4
  50           1.37           36.4             15.3
  60           1.33           32.6             13.4
  80           1.40           31.1             14.8
  100          1.41           31.0             15.9
  200          1.41           31.0             15.9

###### Application rates of mineral fertilizers, wheat straw and pig and cattle manure as function of treatment (kg ha^−1^yr^−1^).

  Treatment    Mineral fertilizers   Organic soil amendments                      
  ----------- --------------------- ------------------------- ----- ------ ------ -------
  CK                    0                       0               0     0      0       0
  T1                   180                     90              135    0      0       0
  T2                   180                     90              135   2500    0       0
  T3                   180                     90              135   5000    0       0
  T4                   180                     90              135    0     7800     0
  T5                   180                     90              135    0      0     12500

###### Results of the statistical analyses of wheat and soybean yields.

  Crop       Treatment[†](#t3-fn1){ref-type="fn"}  Mean    SD      CV      p value                             Sign.[‡](#t3-fn2){ref-type="fn"}
  --------- -------------------------------------- ------- ------- ------- ---------------------------------- ----------------------------------
  Wheat                       CK                   0.988   0.382   0.386   0.000                               [\*\*\*](#t3-fn1){ref-type="fn"}
  T1                        4.569                  0.695   0.152   1.000   NS                                 
  T2                        4.790                  0.597   0.125   0.225   NS                                 
  T3                        4.888                  0.640   0.131   0.091   NS                                 
  T4                        5.211                  0.747   0.143   0.002   [\*\*](#t3-fn1){ref-type="fn"}     
  T5                        5.445                  0.793   0.146   0.000   [\*\*\*](#t3-fn1){ref-type="fn"}   
  Soybean                     CK                   0.765   0.299   0.391   0.000                               [\*\*\*](#t3-fn1){ref-type="fn"}
  T1                        1.768                  0.325   0.184   1.000   NS                                 
  T2                        1.939                  0.317   0.164   0.101   NS                                 
  T3                        2.004                  0.315   0.157   0.025   [\*](#t3-fn1){ref-type="fn"}       
  T4                        2.140                  0.297   0.139   0.001   [\*\*\*](#t3-fn1){ref-type="fn"}   
  T5                        2.325                  0.284   0.122   0.000   [\*\*\*](#t3-fn1){ref-type="fn"}   

The yield of treatment T1 was set as reference for the t-test. SD is standard deviation. CV is coefficient of variation, i.e. SD divided by mean.

^†^Treatments are explained in [Table 2](#t2){ref-type="table"}.

^‡^Significance were displayed with numbers of asterisk, '\*\*\*' means p value ≤ 0.001, '\*\*' means 0.001 \< p value ≤ 0.01, '\*' means 0.01 \< p value ≤ 0.05 and 'NS' means p value \> 0.05, i.e., not significant.

###### Results of the statistical analysis of the trends in wheat and soybean yields over time.

  Crop       Treatment  Intercept[†](#t4-fn1){ref-type="fn"}   Slope    r^2^    p value                             Sign.[‡](#t4-fn2){ref-type="fn"}
  --------- ----------- -------------------------------------- -------- ------- ---------------------------------- ----------------------------------
  Wheat         CK      1.564                                  −0.033   0.509   0.000                               [\*\*\*](#t4-fn2){ref-type="fn"}
  T1           3.682    0.051                                  0.363    0.001   [\*\*](#t4-fn2){ref-type="fn"}     
  T2           3.951    0.049                                  0.439    0.000   [\*\*\*](#t4-fn2){ref-type="fn"}   
  T3           3.847    0.060                                  0.590    0.000   [\*\*\*](#t4-fn2){ref-type="fn"}   
  T4           4.054    0.067                                  0.535    0.000   [\*\*\*](#t4-fn2){ref-type="fn"}   
  T5           4.528    0.053                                  0.298    0.004   [\*\*](#t4-fn2){ref-type="fn"}     
  Soybean       CK      1.093                                  −0.018   0.266   0.020                                              \*
  T1           1.451    0.017                                  0.210    0.042   [\*](#t4-fn2){ref-type="fn"}       
  T2           1.659    0.015                                  0.172    0.069   NS                                 
  T3           1.637    0.020                                  0.301    0.012   \*                                 
  T4           1.702    0.024                                  0.482    0.001   [\*\*\*](#t4-fn2){ref-type="fn"}   
  T5           1.822    0.027                                  0.692    0.000   [\*\*\*](#t4-fn2){ref-type="fn"}   

^†^The unit of intercept is ton ha^−1^.

^‡^'\*\*\*' means p \< 0.001, '\*\*' means 0.001 ≤ p ≤ 0.01, '\*' means 0.01 \< p \< 0.05 and 'NS' means p ≥ 0.05, i.e., not significant.

###### Results of the statistical analysis of the effects of rainfall (R), fertilization treatments (T1 to T5 and CK; see [Table 2](#t2){ref-type="table"}), and their interactions in yields of wheat and soybean.

  Crop            Item[†](#t5-fn1){ref-type="fn"}  Estimate   Std. Error   df       t value   p value                                          Sign.
  -------------- --------------------------------- ---------- ------------ -------- --------- ---------------------------------- ----------------------------------
  Wheat                     (Intercept)            5.310      0.537        42.140   9.886     0.000                               [\*\*\*](#t5-fn2){ref-type="fn"}
  β~1~ (R)                    −0.002               0.002      42.140       −1.423   0.162     NS                                 
  β~2~ (T2)                   −0.426               0.401      103.970      −1.064   0.290     NS                                 
  β~2~ (T3)                   −0.169               0.401      103.970      −0.421   0.674     NS                                 
  β~2~ (T4)                   −0.254               0.401      103.970      −0.634   0.527     NS                                 
  β~2~ (T5)                   −0.990               0.401      103.970      −2.472   0.015     \*                                 
  β~3~ (R\*T2)                 0.002               0.001      103.970      1.665    0.099     NS                                 
  β~3~ (R\*T3)                 0.001               0.001      103.970      1.256    0.212     NS                                 
  β~3~ (R\*T4)                 0.003               0.001      103.970      2.306    0.023     \*                                 
  β~3~ (R\*T5)                 0.005               0.001      103.970      4.802    0.000     [\*\*\*](#t5-fn2){ref-type="fn"}   
  Soybean                   (Intercept)            1.506      0.255        96.480   5.916     0.000                               [\*\*\*](#t5-fn2){ref-type="fn"}
  β~1~ (R)                     0.000               0.000      95.130       0.916    0.362     NS                                 
  β~2~ (T2)                    0.154               0.334      94.250       0.462    0.645     NS                                 
  β~2~ (T3)                    0.137               0.334      94.250       0.410    0.683     NS                                 
  β~2~ (T4)                    0.696               0.334      94.250       2.081    0.040     [\*](#t5-fn2){ref-type="fn"}       
  β~2~ (T5)                    0.620               0.334      94.250       1.856    0.067     NS                                 
  β~3~ (R\*T2)                 0.000               0.001      94.250       0.050    0.961     NS                                 
  β~3~ (R\*T3)                 0.000               0.001      94.250       0.303    0.762     NS                                 
  β~3~ (R\*T4)                −0.001               0.001      94.250       −0.988   0.326     NS                                 
  β~3~ (R\*T5)                 0.000               0.001      94.250       −0.193   0.847     NS                                 

^†^Yields of the NPK treatment (T1) are set as the reference. Intercepts show the mean yields of T1.

^‡^Significance were displayed with numbers of asterisk, '\*\*\*' means p value ≤ 0.001, '\*\*' means 0.001 \< p value ≤ 0.01, '\*' means 0.01 \< p value ≤ 0.05 and 'NS' means p value \> 0.05, i.e., not significant.
